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DESIGN  AND  ANALYSIS  OF  COMPOSITE  WRAPS  FOR  CONCRETE  COLUMNS 


I.  INTRODUCTION 

Recent  studies  [Fyfe  1994;  Seible  and  Priestley  1993]  have  shown  that  composites  can  be 
effective  and  cost-efficient  materials  for  repairing  and  strengthening  bridge  supports.  While  steel 
jackets  have  been  used  extensively  to  strengthen  bridge  columns  [Taylor  and  Stone  1993], 
composite  jackets  may  prove  to  be  superior  for  concrete  columns  due  to  their  lower  density, 
increased  corrosion  resistance,  and  ease  of  installation.  Studies  by  Karbhari  et  al.  [1993]  have 
shown  that  concrete  cylinders  wrapped  with  composites  exhibit  much  higher  strength  and 
ductility  than  do  baseline  cylinders  (with  no  wrap).  In  this  report,  the  stress  state  in  a  concrete 
cylinder  with  a  composite  wrap  is  evaluated,  and  the  resulting  nonlinear  response  is  compared  to 
experimental  results  from  a  separate  study  [Howie  and  Karbhari  1994].  The  theoretically  based 
solution  in  this  report  is  developed  to  offer  a  predictive  capability  for  the  mechanical  behavior  of 
columns  of  different  scale  or  with  different  constituent  materials. 


1.1  Background 

Howie  and  Karbhari  [1994]  have  conducted  an  extensive  experimental  study  of  the 
compressive  strength  of  composite  wrapped  concrete  cylinders.  In  their  study,  relatively  small 
diameter  (15.24  cm)  concrete  cylinders  30.48  cm  long  were  wrapped  with  graphite  fiber- 
reinforced  epoxy  (0.254  mm  thick).  The  composite  wrap  extended  from  1.27  cm  (0.5  in)  below 
the  top  of  the  cylinder  to  1 .27  cm  above  the  bottom.  The  cylinders  were  loaded  in  compression 
in  the  axial  direction  until  failure,  and  stress  versus  strain  curves  were  generated,  as  shown  in 
Figure  1.  The  unreinforced  concrete  exhibited  linear  elastic  behavior  until  failure;  once  the 
brittle  material  began  to  crack,  failure  was  catastrophic.  The  average  failure  strength  of  the 
unreinforced  concrete  was  38.6  MPa  (5.6  kips/in^  [ksi]).  The  cylinders  with  composite  wraps 
generally  displayed  a  two-stage  failure  process:  they  responded  elastically  until  they  reached  a 
stress  slightly  higher  than  the  failure  strength  of  the  unreinforced  concrete,  then  displayed 
nonlinear  response  until  final  failure,  exhibiting  substantial  ductility.  For  a  specimen  with  four 
layers  of  hoop  wrap  (see  Figure  1),  for  example,  nonlinear  response  begins  at  a  stress  level  cr^ 
(30%  greater  than  the  baseline  strength  of  unreinforced  concrete).  The  composite  wrap  retains 
structural  integrity  until  catastrophic  failure  occurs  at  a  stress  level  <7g  which  is  120%  greater 
than  the  baseline  strength. 
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Figure  1.  Stress  versus  strain  curves  for  unreinforced  concrete  and  concrete  with  composite  hoop 
wrap.  (Note  that  the  concrete  typically  displayed  some  scatter  in  the  elastic  modulus.) 

During  the  wrapped  cylinder  tests,  it  was  observed  that  at  the  point  of  onset  of  nonlinear 
behavior  ( <7^  on  Figure  1),  the  concrete  began  to  fail  and  that  beyond  this  stress,  the  composite 
wraps  held  the  cylinders  together.  Catastrophic  failure  occurred  when  the  wrap  fractured.  These 
observations  are  important  for  the  design  of  concrete  structures  wrapped  with  composite 
materials.  The  stress  at  which  the  concrete  begins  to  fail  ( cr^)  represents  a  design  limitation  for 
axial  stress.  The  failure  stress  ( represents  the  maximum  stress  that  the  structure  can  support. 
The  difference  in  the  strains  at  points  A  and  B  is  a  measure  of  the  ductility  of  the  column.  The 
first  part  of  the  analysis  described  in  the  next  section  concerns  the  effects  of  the  composite  wrap 
on  the  stress  state  within  the  column  until  the  stress  is  reached  at  which  the  concrete  begins  to 
fail  (  (T^);  the  second  part  analyzes  the  final  failure  of  the  wrapped  system. 


2.  ANALYSIS 

2.1  Stress  at  Which  the  Concrete  Fails 

When  a  wrapped  concrete  column  is  loaded  in  axial  compression,  the  concrete  expands 
against  the  wrap  due  to  Poisson's  expansion,  and  a  hydrostatic  pressure  state  is  developed  in  the 
concrete.  Hydrostatic  pressure  has  been  shown  to  increase  the  compressive  strength  of 
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geological  materials  [Heard  1963],  polymers  [Pae  and  Bhateja  1975],  and  composites  [Sigley 
et  al.  1991;  Hoppel  et  al.  1995].  Physically,  hydrostatic  pressure  increases  compression  strength 
during  these  conditions  by  reducing  the  shear  stress  state  and  suppressing  crack  initiation  in  the  , 
material.  In  concrete,  Richart  et  al.  [1928]  originally  proposed  that  the  compressive  strength 
increased  linearly  with  increasing  hydrostatic  pressure  according  to  Equation  1 .  Later  studies 
[Newman  and  Newman  1969;  Avram  et  al.  1981]  showed  that  a  linear  rule  such  as  Equation  1 
overestimated  the  strength  of  concrete  under  high  hydrostatic  pressure,  and  thus  the  nonlinear 
form  shown  in  Equation  2  was  proposed  as  it  provided  a  better  fit  to  the  experimental  data. 

Gc{P)  =  (Jc(0)+  4.1  *P  (1) 

CTc(P)  =  ac(0)+  3.7(ctc(0))(-^)°-''  (2) 

(Tc(0) 


In  Equations  1  and  2,  Cc{P)  is  the  compressive  failure  strength  of  the  concrete  subject  to 
hydrostatic  pressure,  P  is  the  hydrostatic  pressure,  and  crc(O)  is  the  baseline  compressive  failure 
strength  of  the  concrete  at  atmospheric  pressure  (P=0).  Note  that  when  the  hydrostatic  pressure 
is  low  (less  than  half  the  compressive  strength  of  the  concrete).  Equations  1  and  2  predict  similar 
strength  values. 


The  objective  of  the  first  part  of  this  analysis  is  to  relate  the  hydrostatic  pressure  state  of  the 
concrete  within  the  composite  wrap  to  the  axial  stress  applied  to  the  column.  Then,  through 
Equation  2,  the  axial  stress  at  which  damage  initiation  occurs  ( <7^  on  Figure  1)  can  be  explicitly 
determined.  The  hydrostatic  pressure  in  a  wrapped  cylinder  can  be  ascertained  by  determining 
the  radial  stress  in  the  concrete  cylinder,  subject  to  hoop  confinement.  Assuming  that 
axisymmetrical  behavior  holds.  Figure  2  shows  the  pertinent  free  body  diagrams  for  sections  of 
the  concrete  and  the  composite  wrap.  At  the  interface  between  the  concrete  cylinder  and  the 
wrap  (r  =  ro),  compatibility  of  the  radial  displacements  for  the  concrete  (U[)  and  the  wrap  ( U*) 
requires  that 


Based  on  Equation  3  and  the  following  strain-displacement  relationship  for  axisymmetric  bodies, 
the  strain  in  the  hoop  direction  can  be  calculated. 


ee  = 


U 

r 


(4) 
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Free  body  diagram  of 
concrete  cylinder  with 
composite  wrap 


—  Or  =  P  G0  = 

t 

Free  body  diagram  of  the  wrap 


Gr  =  -P 


Free  body  diagram  of  the  concrete 


Figure  2.  Free  body  diagrams.  (Note  that  the  coordinate  system  is  shown  on  the  diagram  on  the 
left  and  that  the  two  coordinate  systems  on  the  right  do  not  show  the  axial  stresses 

(ctz)-) 


The  strains  in  the  hoop  direction  in  the  concrete  and  composite  wrap  must  be  equal  at  the 
interface. 


£e  (atr  =  ro) 


(5) 


For  linear  elastic  response,  it  can  be  shown  from  Hooke's  law  [Timoshenko  and  Goodier  1970] 
that  in  the  wrap  the  hoop  strain  is  given  by  Equation  6. 


Oe  Gz  a 

ee  =  -  -  — Vze  -  — Vrs 

Be  Bz  Br 


(6) 


in  which  the  z  subscript  indicates  the  axial  direction. 


In  the  concrete,  the  radial  stress  is  equal  to  the  radial  pressure  applied  by  the  wrap  (-P). 
The  hoop  stress  is  equal  to  the  radial  stress  at  all  points  and  will  also  equal  -P.  If  the  concrete 
cylinder  was  not  solid,  this  assumption  would  not  be  valid  [Hearn  1977]. 

The  axial  stress  (  g^)  in  the  cylinder  will  depend  on  the  amount  of  load  transferred  to  the 
wrap.  Assuming  that  the  wrap  is  perfectly  bonded  to  the  concrete  and  the  cylinder  is  long,  the 
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axial  strain  will  be  the  same  in  each  of  the  constituents  and  the  amount  of  load  carried  by  the 
wrap  can  be  described  by  the  rule  of  mixtures  [Agarwal  and  Broutman  1980].  The  effective 
axial  elastic  modulus  (Ef^ )  for  the  wrapped  concrete  column  can  be  expressed  by  Equation  7 

Ef  ■  =  E,A,  +  E:A„  (7) 


in  which  E^.  and  E"  are  the  elastic  moduli  of  the  concrete  and  wrap  in  the  axial  direction, 
respectively,  and  A^  and  A^  are  the  cross-sectional  area  fractions  of  the  concrete  and  wrap, 
respectively.  The  axial  stress  in  each  of  the  constituents  can  then  be  obtained  from  Equations  8a 
and  8b: 


(8a) 

(8b) 


in  which  cr"  is  the  applied  axial  stress,  cr^  is  the  axial  stress  in  the  concrete,  and  is  the  axial 
stress  in  the  wrap. 


The  hoop  strain  in  the  concrete  can  be  ascertained  by  substituting  the  three  stresses 
( <7^,  (Tg,  <T^  )  into  Equation  6  and  simplifying  the  equation: 


(9) 


in  which  Vc  is  Poisson’s  ratio  for  the  concrete. 


The  wrap  on  the  cylinder  is  assumed  to  have  a  thickness  much  smaller  than  its  mean  radius 
(r),  and  thus,  it  can  be  described  as  a  thin  shell.  The  hoop  stress  in  the  wrap  then  becomes 
Equation  10. 

<7;  =  -  Y  (10) 

in  which  P  is  the  radial  pressure,  r  is  the  mean  radius  of  the  cylinder,  and  t  is  the  thickness  of  the 
wrap.  Substituting  the  axial  and  hoop  stresses  defined  in  Equations  8b  and  10  into  Equation  6, 
the  hoop  strain  in  the  wrap  can  be  defined  by  Equation  1 1 . 
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Combining  Equations  5,  9,  11,  and  2,  an  expression  relating  the  hydrostatic  pressure  (P)  in 
the  concrete  cylinder  to  the  other  material  and  geometric  quantities  is  obtained. 


p,  ^  P  C7.(0)  +  3.7(c7.(0))(^)' 

tE:  Ec  ^  '  Ef 


■(Vc-  V.s) 


(12) 


A  computer  program  has  been  written  to  solve  Equation  12  for  the  pressure  (P)  as  a 
function  of  the  material  properties  of  the  concrete  and  the  composite  wrap.  Once  the  pressure  at 
onset  of  failure  is  known,  it  can  be  substituted  into  Equation  2  to  compute  the  axial  stress  at 
which  the  concrete  begins  to  fail  in  the  presence  of  the  wrap. 


2.2  Simplified  Solution 


Equation  12  gives  the  pressure  state  in  the  concrete  cylinder  under  the  assumption  that  the 
wrap  is  perfectly  bonded  to  the  concrete  along  the  entire  length  of  the  column.  If  the  wrap  is  not 
bonded  to  the  concrete  or  if  the  product  of  the  axial  stiffness  and  the  area  fi-action  of  the  wrap  is 
much  less  than  the  product  of  the  axial  stiffness  and  the  area  fraction  of  the  concrete 


( 


«  1),  then  it  can  be  assumed  that  the  axial  load  carried  by  the  wrap  is  negligible  and 


e:4 

the  axial  stress  in  the  concrete  is  equal  to  the  applied  stress  g°.  Furthermore,  it  will  be  assumed 
that  the  pressme  is  much  less  than  the  compressive  failure  strength  of  the  concrete  (P  «  crc(O)) 
so  that  Equation  1  is  valid.  Equations  9  and  1 1  then  simplify  to 


el  = 


P  cf  P 

—  +  — +  — w 

Ec  Ec  Ec 


Ce  = 


Pr 

tE: 


(13) 

(14) 


Substituting  Equations  13  and  14  into  Equation  5,  and  substituting  cr°  fi-om  Equation  1  into  this 
result,  Equation  1 5  is  obtained. 


PrE 

E;t 


+  P  -  5.1PVc 


(Tc(O)Vc 


(15) 
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Poisson's  ratio  for  concrete  is  approximately  0.22,  making  the  terms  (P  -  5.  IPVc)  small 
compared  to  the  other  terms.  Neglecting  these  terms,  the  following  expression  for  the 
hydrostatic  pressure  at  the  onset  of  failure  in  the  concrete  is  obtained. 

P  =  (Tc(0)Vc-S  (16) 

r  Ec 


The  expression  for  the  corresponding  axial  stress  ( )  can  then  be  determined  by  substituting 
Equation  16  into  Equation  1: 


Oa 

CTc(O) 


t  E''' 

1  +  4.1Vc--^ 
r  Ec 


(17) 


Equation  17  clearly  shows  the  important  role  of  geometry,  size,  and  material  properties  on  the 
strength  of  the  wrapped  column,  providing  insight  into  scaling  and  wrap  design. 


Since  the  concrete  and  wrap  are  assumed  to  behave  elastically  for  stresses  as  great  as  <7^ , 
the  axial  strain  corresponding  to  <7^  is  defined  as  the  stress  at  point  A  divided  by  the 
effective  elastic  modulus  of  the  eolumn  in  the  axial  direction  (from  Equation  7). 


(18) 


2.3  Nonlinear  Response  of  Wrapped  Column 

In  the  experimental  work  conducted  by  Howie  and  Karbhari  [1994],  final  fracture  of  the 
wrapped  cylinders  was  observed  to  occur  when  the  composite  wrap  failed  in  the  hoop  direction. 
The  conerete  inside  the  wrap  was  already  reduced  to  rubble  and  did  not  have  any  residual  axial 
strength.  To  develop  an  analytical  model  of  this  failure  process,  it  is  assumed  that  failure  of  the 
system  is  governed  by  failure  of  the  wrap  in  the  hoop  direction. 

The  relation  between  the  radial  pressure  induced  in  the  concrete  by  the  wrap  and  the  hoop 
stress  in  the  wrap  is  given  by  Equation  10.  The  next  step  in  the  analysis  is  to  predict  the  axial 
stress-strain  behavior  of  the  eonfined  concrete.  Work  in  the  literature  [e.g.,  Chen  and  Yamaguchi 
1985]  indicates  that  concrete  subjected  to  uniaxial  compressive  stress  generally  displays  strain¬ 
softening  behavior  after  the  onset  of  failure.  However,  concrete  subject  to  axial  stress  and 
confined  in  the  transverse  direetions  [Chen  and  Yamaguchi  1985;  Buyukozturk  and  Chen  1985] 
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displays  strain-hardening  behavior  after  the  onset  of  failure.  It  has  also  been  noted  [Avram  et  al. 
1981]  that  Poisson's  ratio  for  concrete  increases  as  cracks  form.  Initially,  the  Poisson's  ratio  will 
be  low  (approximately  0.2)  due  to  the  highly  compressible  nature  of  the  cement  paste  [Chen  and . 
Yamaguchi  1985];  however,  as  cracks  form,  the  ratio  increases  to  0.5,  indicating  that  the 
concrete  behaves  as  an  incompressible  material. 

The  nonlinear  behavior  of  the  concrete  used  in  the  present  study  was  not  evaluated. 
Therefore,  to  obtain  a  conservative  estimate  of  the  behavior  of  the  concrete,  it  is  assumed  that  at 
the  onset  of  failure  ( on  Figure  1),  the  concrete  completely  reduces  to  rubble  and  subsequently 
behaves  as  an  incompressible  material  (  =  0.5).  In  this  regime,  all  additional  applied  stress  is 

transferred  directly  to  the  composite  wrap.  This  approach  is  conservative  because  the  possible 
strain-hardening  behavior  of  the  concrete  (and  the  additional  load-carrying  capacity)  is  neglected. 

The  stress  at  which  the  wrapped  cylinder  fails  can  then  be  represented  as  follows: 

cTb  =  cTa  -H  Act  (19) 

in  which  cTb  is  the  stress  in  the  wrapped  cylinder  at  ultimate  failure,  cr^  is  the  stress  at  which  the 
concrete  failed  (Equation  1 7),  and  Act  is  the  stress  increment  between  initial  failure  (A)  and  final 
wrap  failure  (B).  For  an  incompressible  material.  Act  can  be  expressed  in  terms  of  the 
hydrostatic  pressures  at  points  A  and  B.  It  is  recognized  that  the  pressure  acting  on  the  wrap  at 
point  B  is  sufficient  to  cause  wrap  failure  in  the  hoop  direction. 

Act=P3-P^  (20) 

The  failure  stress  for  the  wrapped  colurrm  can  then  be  calculated  by  substituting  the 
pressure  at  point  A  (from  either  Equation  12  or  16)  and  the  pressure  at  failure  of  the  wrap  into 
Equation  20,  then  substituting  Act  and  cr^  into  Equation  19.  If  the  axial  load  carried  by  the 
wrap  is  low  (e.g.,  if  the  wrap  has  all  the  plies  oriented  in  the  hoop  direction),  then  the  Equations 
developed  in  Section  2.2  can  be  used,  and  the  failure  strength  of  the  column  can  be  expressed  by 
Equation  21. 


(T,  =  CT,(0)  +  3.1Vc-^CT,(0)  +  ^ 
r  Ec  r 

in  which  Xg  is  the  strength  of  the  wrap  in  the  hoop  (6)  direction. 


(21) 
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2.4  Strain  at  Which  the  Wrapped  Column  Fails 


The  strain  to  failure  for  the  wrapped  column  can  also  be  predicted  using  the  assumption  of 
incompressibility,  i.e.,  the  volume  of  the  wrapped  cylinder  does  not  change  between  stress  levels 
and  CTfi. 


The  length  of  the  cylinder  at  point  A  (L^)  is  calculated  from  the  original  length  of  the 
cylinder  (Lq)  minus  the  displacement  due  to  the  axial  strain  (Equation  18): 

LA  =  Lo(l-ef)  (22) 

The  radius  of  the  cylinder  at  point  A  (r  a)  is  equal  to  the  original  radius  plus  the  radial 
displacement  Uf : 

=  r;+  Uf  (23) 

Uf  is  equal  to  the  radius  of  the  cylinder  times  the  hoop  strain  in  the  cylinder  at  point  A  (given  in 
Equation  9).  The  corresponding  cylinder  volume  at  point  A  can  then  be  calculated  with  Equation 
24: 

=  L4;rr’)  (24) 

At  point  B,  the  hoop  strain  in  the  wrap  (  Cg )  is  assumed  to  be  equal  to  the  failure  strain  of 
the  composite  in  the  hoop  direction.  The  maximum  radial  displacement  Uf  in  the  cylinder  at 
point  B  is  then  equal  to  the  hoop  strain  in  the  wrap  e®  times  the  radius  of  the  cylinder  r^  (by 
Equation  4).  Thus,  rg  can  then  be  expressed  by  Equation  24. 

rB=  Uf  (25) 


Due  to  incompressibility  at  G^,  the  volume  of  the  cylinder  Vb  is  assumed  equal  to  Va- 
Therefore,  the  length  of  the  cylinder  at  point  B  can  be  expressed  as  follows: 


Lb  = 


^4’ 


(26) 


The  axial  strain  ef  at  point  B  is  then  equal  to  the  change  in  length  of  the  cylinder  divided  by  the 
original  cylinder  length. 


(27) 
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Substituting  Equations  22  through  26  into  Equation  27  and  simplifying  terms,  an 
expression  for  the  strain  to  failure  of  the  wrapped  column  can  be  derived: 


ef  =  1  - 


(1  -  gf)(l  +  ejf 
(1 


+  € 


wrap  Y 
0  ) 


(28) 


in  which  is  the  hoop  strain  in  the  wrap  at  point  A  and  is  the  failure  hoop  strain  of  the 
wrap. 


3.  PREDICTED  RESULTS 

3.1  Stress  at  Which  Concrete  Fails 

Equations  12  and  16  were  both  used  to  calculate  the  hydrostatic  pressure  (Pa)  and  the  axial 
stress  at  which  the  concrete  began  to  fail  (  (T^  )  in  the  cylinders  reinforced  with  composite  wrap  in 
the  hoop  direction.  The  results  are  presented  in  Figure  3  with  data  from  the  experimental  work 
presented  by  Howie  and  Karbhari  [1994].  Relevant  material  properties  are  listed  in  Table  1. 
There  is  very  little  difference  in  the  strengths  predicted  by  assuming  that  the  wrap  is  perfectly 
bonded  to  the  concrete  (by  Equation  12)  and  the  strengths  predicted  by  assuming  that  the  wrap  is 
not  bonded  to  the  cylinder,  indicating  that  the  degree  of  bonding  between  the  wrap  and  the 
concrete  has  very  little  effect  on  the  axial  strength  of  the  columns  with  the  hoop  wrap.  The 
cylinders  tested  in  the  experimental  study  were  examined  after  failure  and  the  concrete  appeared 
to  be  well  bonded  to  the  wrap. 

Howie  and  Karbhari  [1994]  also  investigated  the  axial  compressive  strength  of  concrete 
cylinders  with  several  other  wrap  architectures,  including  [0/90/+45/-45],  [+45/-45],  [+45/-45]2, 
[0/90],  and  [0/90/0]  in  which  0°  denotes  the  hoop  ( 0)  direction  and  90°  denotes  the  axial  (z) 
direction.  The  experimental  results  are  shown  in  Figure  4.  Note.  The  cylinders  wrapped  with  the 
[+45/-45]  and  the  [+45/-45]2  architectures  displayed  no  inelastic  behavior  before  failure  (they 
failed  at  thus,  for  those  specimens  ultimate  failure  stresses  are  shown  in  Figure  4. 

Equations  12  and  16  were  used  to  predict  for  the  cylinders  in  Figure  4.  However,  if 
axial  stresses  are  transferred  to  the  composite  wrap  and  the  z  0  Poisson's  ratio  in  the  wrap  ( Vze) 
is  greater  than  the  Poisson's  ratio  for  the  concrete  ( Vc),  then  tensile  stresses  will  develop  between 
the  wrap  and  the  concrete  in  the  radial  direction,  and  no  hydrostatic  pressure  is  generated  in  the 
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concrete.  Thus,  for  cylinders  with  the  quasi-isotropic  ([0/90/+45/-45]),  the  [+45/-45]  and  the 
[+45/-45]2  wrap  architectures,  Equation  12  does  not  apply. 
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Figure  3.  Experimental  and  theoretical  stresses  when  the  concrete  begins  to  fail  for  concrete 
cylinders  with  graphite/epoxy  wrap  in  the  hoop  direction. 


Table  1.  Material  Properties 


Property 

Unreinforced 

Concrete 

Graphite  Fiber- 
Reinforced  Epoxy 

Elastic  Modulus 

ll.VGPa 

135.9  GPa 

(principal  direction) 

(1.7  Msi*) 

(19.7  Msi) 

Elastic  Modulus 

11.7GPa 

8.4  GPa 

(transverse  direction) 

(1.7  Msi) 

(1.22  Msi) 

Poisson's  Ratio 

0.22 

0.02 

(trans./prin.  direction) 

*Msi  =  106  ib/in2 
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■  Average  experimental  stres  s  at  the  onset  of  failure 
®  Predicted  stress  at  A  (assuming  wrap  carries  axial  load) 

^  Predicted  stress  at  A  (assuming  wrap  carries  no  axial  load) 
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O.  0) 
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o 
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Isotropic 

0  10  20  30  40  50 

Axial  Compressive  Stress  at  Failure  of  Concrete  (MPa) 

Figure  4.  Axial  compressive  stress  at  the  onset  of  failure  of  the  concrete  (architectures  other  than 
hoop  wraps). 

For  the  [0/90]  and  the  [0/90/0]  wrap  architectures,  notice  that  there  are  significant 
differences  in  the  predicted  results  depending  on  whether  the  wrap  carries  or  does  not  carry  axial 
load.  Since  these  wraps  are  much  stiffer  in  the  axial  direction  than  the  hoop  wraps  (see 
Figure  3),  the  axial  load  carried  by  the  wrap  is  more  significant.  The  theoretical  predictions  in 
which  it  is  assumed  that  the  wrap  carries  axial  load  agree  much  better  with  the  experimental  data. 

3.2  Ultimate  Failure  of  the  Wrapped  Column 

In  the  development  of  equations  to  predict  the  failure  stress  and  strain  of  the  wrapped 
columns,  the  effects  of  defects  in  the  wrap  and  the  strain-hardening  behavior  of  the  concrete  were 
ignored.  In  general,  defects  in  the  composite  reduce  the  stress  and  strain  at  failure  of  the  column, 
whereas  strain  hardening  of  the  concrete  allows  the  column  to  carry  additional  load  in  the 
nonlinear  region.  Howie  and  Karbhari  [1994]  measured  the  strain  at  ultimate  failure  of  the  wrap 
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in  the  hoop  direction  of  a  few  test  specimens.  The  failure  strain  in  the  6  direction  varied  between 
0.5%  and  1 .05%,  with  an  average  value  of  0.76%.  These  values  are  considerably  less  than  the 
average  strain  at  failure  for  graphite  fiber-reinforced  epoxy  observed  in  coupon  tests  (1.5%)  and 
may  be  indicative  of  the  effects  of  defects  on  the  mechanical  properties  of  the  wrap.  Since  the 
graphite  fiber-reinforced  material  displays  linear  elastic  behavior  in  the  fiber  direction,  it  can  be 
assumed  that  the  strength  of  the  wrap  can  be  reduced  accordingly.  The  reported  fiber  direction 
tensile  strength  and  strain  at  failure  were  2.1  GPa  and  1.5%  [Howie  and  Karbhari  1994].  If  the 
composite  failed  at  0.76%  strain  in  the  fiber  direction,  then  the  strength  of  the  wrap  is  reduced  to 
1.1  GPa.  Note  that  this  indicates  a  substantial  difference  in  the  predicted  and  experimental 
behavior  of  the  wrap.  This  may  be  because  the  wrap  is  thin  and  therefore  very  sensitive  to  defects 
at  the  interface  with  the  cylinder.  Therefore,  predictions  of  the  failure  stress  and  strain  of  the 
wrapped  columns  were  made  with  the  failure  stress  (2.1  MPa)  and  strain  (1.5%)  predicted  by 
coupon  tests  and  with  reduced  values  due  to  the  effects  of  defects  in  the  wrap  (failure  stress  of  1 .1 
MPa  and  failure  strain  of  0.76  %). 

Figure  5  shows  the  predicted  failure  strengths  for  the  wrapped  columns  and  Howie  and 
Karbharis'  [1994]  experimental  data.  Theoretical  predictions  were  made  for  fiber  direction  tensile 
strengths  of  2.1  and  1.1  GPa,  respectively.  The  predicted  strengths  are  lower  than  the  experimental 
values  for  both  cases.  This  is  probably  because  the  strain-hardening  behavior  of  the  concrete  has 
been  neglected.  More  analysis  of  the  mechanical  behavior  of  confined  concrete  needs  to  be 
conducted  to  improve  these  predictions. 

The  strains  at  failure  for  the  wrapped  columns  were  calculated  using  the  method  described 
in  Section  2.4.  The  predicted  results  for  cylinders  with  wrap  in  the  hoop  direction  are  shown, 
along  with  the  experimental  data  in  Figure  6.  Notice  that  the  predicted  results  show  less  sensitivity 
to  the  number  of  plies  in  the  hoop  wrap  than  the  experimental  results.  This  is  probably  because  in 
the  experiments,  the  thinnest  wraps  showed  the  most  sensitivity  to  defects.  As  the  number  of  plies 
is  increased,  the  axial  strain  at  failure  of  the  columns  approaches  the  axial  failure  strain  predicted, 
based  on  baseline  properties  of  the  composite. 

3.3  Predicted  Stress-Strain  Curves 

Predicted  stress-strain  curves  for  a  concrete  cylinder  with  two  layers  of  hoop  wrap  are  shown 
in  Figure  7  with  the  corresponding  experimental  data  [Howie  and  Karbhari  1994].  The  predicted 
results  agree  well  with  the  data  for  stresses  as  great  as  cr^ .  At  higher  stresses,  the  theoretical 
solution  imderpredicts  the  failure  stresses.  As  discussed  in  Section  3.2,  the  lower  predictions  of 
failure  stress  are  probably  due  to  nonlinear  behavior  of  the  concrete  which  has  not  been  modeled. 
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•  Experimental  results 
A  Predicted  (assuming  wrap  fails  at  2.1  GPa) 

B  Predicted  (assuming  wrap  fails  at  1.1  GPa) 
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Figure  5.  Experimental  versus  theoretical  failure  stress  for  concrete  columns  vvdth  graphite/ 
epoxy  wrap  oriented  in  the  hoop  (0°)  direction. 


•  Experimental  strain  at  failure 

A  Predicted  failure  strain  (assuming  wrap  fails  at  1 .5%) 

□  Predicted  failure  strain  (assuming  wrap  fails  at  0.76%) 

V  Predicted  failure  strain  (assuming  wrap  fails  at  0.5%) 


Figure  6.  Axial  strain  at  failure  for  columns  wrapped  with  graphite  fiber-reinforced  epoxy  in  the 
hoop  (0°)  direction.  (The  average  strain  at  failure  for  the  wrap  in  static  tensile  tests  was 
1 .5%.  The  average  measured  strain  at  failure  in  the  hoop  directions  in  the  experimental 
tests  was  0.76%.) 
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Figure  7.  Predicted  and  experimental  stress  versus  strain  curves  for  concrete  cylinders  with  two 
layers  of  graphite/epoxy  wrap  in  the  hoop  (0  °)  direction. 


4.  CONCLUSIONS 

The  conceptual  approach  and  simple  analytical  equations  developed  in  this  work  can  be 
used  to  gain  fundamental  insight  into  the  dominant  mechanisms  governing  the  experimentally 
observed  strengthening  effects  of  composite  wraps  on  concrete  cylinders.  This  methodology 
may  also  be  used  to  identify  and  control  the  particular  material  and  geometrical  parameters  so  as 
to  optimize  the  axial  strength-carrying  capability  of  composite  wrapped  concrete  cylinders.  The 
predicted  results  show  good  agreement  with  experimental  results  for  stresses  until  the  point  is 
reached  when  the  concrete  begins  to  fail.  At  higher  stresses,  the  predictive  models  for  strength 
and  strain  at  failure  of  wrapped  cylinders  need  to  account  for  the  effects  of  defects  in  the 
composite  wrap,  as  well  as  the  nonlinear  behavior  of  confined  concrete.  Future  research  is 
needed  in  both  of  these  areas  to  further  improve  the  predictive  capability. 


15 


5.  REFERENCES 


Agarwal,  B.  D.  and  L.  J.  Broutman.  Analysis  and  Performance  of  Fiber  Composites.  New  York: 
John  Wiley  &  Sons,  1980. 

Avram,  C.,  I.  Facaoaru,  1.  Filimon,  O.Mimsu,  and  1.  Tertea.  Concrete  Strength  and  Strains.  New 
York:  Elsevier  Scientific  Publishing  Company,  1981. 

Buyukozturk,  O.  and  Chen,  E.S.,  “Behavior  Prediction  of  Confined  Concrete  Under  Cyclic 
Loadings,”  Finite  Element  Analysis  of  Reinforced  Concrete  Structures,  C.  Meyer  and  H. 
Okamura  Eds.,  ASCE,  Tokyo,  1985. 

Chen,  W.F.  and  E.  Yamaguchi.  “On  Constitutive  Modeling  of  Concrete  Materials,”  Finite 

Element  Analysis  of  Reinforced  Concrete  Structures,  C.  Meyer  and  H.  Okamura  Eds.,  ASCE, 
Tokyo,  1985. 

Fyfe,  E.R.  “New  Concept  for  Wrapping  Columns  with  a  High  Strength  Fiber/Epoxy  System,” 
Infrastructure:  New  Materials  and  Methods  of  Repair,  Proceedings  of  the  Third  Materials 
Engineering  Conference,  K.D.  Basham,  ed.  ASCE,  New  York,  1994. 

Heard,  H.C.  “Effect  of  Large  Changes  in  Strain  Rate  in  the  Experimental  Deformation  of  Yule 
Marble,”  Journal  of  Geology.  V.  71.  p.  162-195, 1963. 

Hearn,  E.  J.  (1977).  Mechanics  of  Materials.  New  York:  Pergamon  Press. 

Hoppel,  C.P.R.,  T.A.  Bogetti,  and  J.W.  Gillespie,  Jr.  “Effects  of  Hydrostatic  Pressure  on  the 
Mechanical  Behavior  of  Composite  Materials.”  ARL-TR-727,  U.S.  Army  Research 
Laboratory,  Aberdeen  Proving  Ground,  MD,  April  1995. 

Howie,  I  and  V.M.  Karbhari.  “Effect  of  Tow  Sheet  Composite  Wrap  Architecture  on 

Strengthening  of  Concrete  due  to  Confinement  I:  Experimental  Studies,”  submitted  to  the 
Journal  of  Reinforced  Plastics  and  Composites.  1994. 

Karbhari,  V.  M.,  D.A.  Eckel,  and  G.C.  Tunis.  “Strengthening  of  Concrete  Column  Stubs 

Through  Resin  Infused  Composite  Wraps,”  J.  of  Thermoplastic  Composite  Materials.  V.  6.  p. 
92-107, 1993. 

Newman,  K.  and  J.  B.  Newman.  “Failure  Theories  and  Design  Criteria  for  Plain  Concrete.” 
Proceedings  of  the  International  Conference  on  Structure  and  Solid  Mechanics.  Wiley 
Interscience,  1969. 

Pae,  K.D.  and  S.K.  Bhateja.  “The  Effect  of  Hydrostatic  Pressure  on  the  Transverse  Strength  of 
Glass  and  Carbon  Fibre-Epoxy  Composites.”  Journal  of  Macromolecular  Science.  Part  C. 
Reviews  in  Macromolecular  Chemistry.  C13:  p.1-75,  1975. 


17 


Richart,  F.E.,  A.  Brandtzaeg,  and  R.L.  Brown.  “A  Study  of  the  Failure  of  Concrete  Under 
Combined  Compressive  Stresses,”  University  of  Illinois,  Eng.  Expt.  Stat.,  Bulletin  No.  185, 
1-102, 1928. 

Seible,  F.  and  M.  J.  N.  Priestley.  “Strengthening  of  Rectangular  Bridge  Columns  for  Increased 
Ductility.”  Practical  Solutions  for  Bridge  Strengthening  &  Rehabilitation.  Des  Moines,  Iowa, 
1993. 

Sigley,  R.H.,  A.S.  Wronski  and  T.V.  Parry.  “Tensile  Failure  of  Pultruded  Glass-Polyester 
Composites  Under  Superimposed  Hydrostatic  Pressure.”  Composites  Science  and 
Technology.  V.  41:  p.395-409,  1991. 

Taylor,  A.  W.  and  W.  C.  Stone.  “Jacket  Thickness  Requirements  for  Seismic  Retrofitting  of 
Circular  Bridge  Columns.”  Practical  Solutions  for  Bridge  Strengthening  &  Rehabilitation. 
Des  Moines,  Iowa,  1993. 

Timoshenko,  S.P.  and  J.N.  Goodier.  Theory  of  Elasticity .  New  York:  McGraw-Hill,  1970. 


18 


NO.  OF 

COPIES  ORGANIZATION 

2  ADMINISTRATOR 
ATTN  DTIC  DDA 

DEFENSE  TECHNICAL  INFO  CTR 
CAMERON  STATION 
ALEXANDRIA  VA  22304-6145 

1  DIRECTOR 

ATTN  AMSRL  OP  SD  TA 
US  ARMY  RESEARCH  LAB 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1145 

3  DIRECTOR 

ATTN  AMSRL  OP  SD  TL 
US  ARMY  RESEARCH  LAB 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1145 

1  DIRECTOR 

ATTN  AMSRL  OP  SD  TP 
US  ARMY  RESEARCH  LAB 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1145 


ABERDEEN  PROVING  GROUND 

5  DIR  USARL 

ATTN  AMSRL  OP  AP  L  (305) 


19 


NO.  OF 
COPIES 

1 

1 

1 

1 

1 

1 

3 


2 


ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


HQDA 

ATTN  SARD  TT 
DR  F  MILTON 

WASHINGTON  DC  20310-0103 
HQDA 

ATTN  SARD  TT 
MR  J  APPEL 

WASHINGTON  DC  20310-0103 
HQDA 

ATTN  SARD  TT 
MS  C  NASH 

WASHINGTON  DC  20310-0103 
HQDA 

ATTN  SARD  TR 
DR  R  CHAIT 

WASHINGTON  DC  20310-0103 
HQDA 

ATTN  SARD  TR 
MS  K  KOMINOS 
WASHINGTON  DC  20310-0103 

DIRECTOR 
ATTN  AMSRL  CP  CA 
D  SNIDER 

2800  POWDER  MILL  RD 
ADELPm  MD  20783 

DIRECTOR 
ATTN  AMSRL  MA  P 
L  JOHNSON 
B  HALPDSr 
T  CHOU 

WATERTOWN  MA  02172-0001 

DIRECTOR 
AMSRL  MA  PA 
D  GRANVILLE 
W  HASKELL 

WATERTOWN  MA  02172-0001 

DIRECTOR 
AMSRL  MAMA 
G  HAGNAUER 

WATERTOWN  MA  02172-0001 


3  COMMANDER 
ATTN  SMCAR  TD 
R  PRICE 

V  LINDER 
T  DAVIDSON 
USA  ARDEC 

PICATINNY  ARSNL  NJ  07806-5000 

1  COMMANDER 

ATTN  F  MCLAUGHLIN 
USA  ARDEC 

PICATINNY  ARSNL  NJ  07806 

4  COMMANDER 
ATTN  SMCAR  CCH  T 
S  MUSALLI 

P  CHRISTIAN 
R  CARR 
N  KRASNOW 
USA  ARDEC 

PICATINNY  ARSNL  NJ  07806-5000 

1  COMMANDER 

ATTN  SMCAR  CCH  V 
E  FENNELL 
USA  ARDEC 

PICATINNY  ARSNL  NJ  07806-5000 

1  COMMANDER 
ATTN  SMCAR  CCH 
J  DELORENZO 
USA  ARDEC 

PICATINNY  ARSNL  NJ  07806-5000 

2  COMMANDER 
ATTN  SMCAR  CC 
J  HEDDERICH 
COL  SINCLAIR 
USA  ARDEC 

PICATINNY  ARSNL  NJ  07806-5000 

1  COMMANDER 
ATTN  SMCAR  CCH  P 
JLUTZ 

USA  ARDEC 

PICATINNY  ARSNL  NJ  07806-5000 

2  COMMANDER 
ATTN  SMCAR  FSA  M 
DDEMELLA 

F  DIORIO 
USA  ARDEC 

PICATINNY  ARSNL  NJ  07806-5000 
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NO.  OF 
COPIES 

1 

8 


1 

1 

1 

1 

1 


ORGANIZATION 

COMMANDER 
ATTN  SMCAR  FSA 
C  SPINELLI 
USA  ARDEC 

PICATINNY  ARSNL  NJ  07806-5000 

DIRECTOR 
ATTN  SMCAR  CCB 
C  KITCHENS 
J  KEANE 
J  VASILAKIS 
G  FRIAR 
J  BATTAGLIA 
V  MONTVORI 
J  WRZOCHALSKI 
R  HASENBEIN 
BENET  LABORATORIES 
WATERVLIET  NY  12189 

DIRECTOR 

ATTN  SMCAR  CCB  R 

S  SOPOK 

BENET  LABORATORIES 
WATERVLIET  NY  12189 

COMMANDER 
ATTN  SMCWV  QAE  Q 
CROWD 

BLDG  44  WATERVLIET  ARSNL 
WATERVLIET  NY  12189-4050 

COMMANDER 
ATTN  SMCWV  SPM 
T  MCCLOSKEY 

BLDG  25  3  WATERVLIET  ARSNL 
WATERVLIET  NY  121894050 

COMMANDER 
ATTN  SMCWV  QA  QS 
K  INSCO 

WATERVLIET  ARSNL 
WATERVLIET  NY  12189-4050 

COMMANDER 
ATTN  AMSMC  PBM  K 
USA  ARDEC 

PRODUCTION  BASE  MODERNIZATION  ACTIVITY 
PICATINNY  ARSNL  NJ  07806-5000 

COMMANDER 
ATTN  STRBE  JBC 
USA  BELVOm  RD&E  CENTER 
FORT  BELVOIR  VA  22060-5606 


NO.  OF 

COPIES  ORGANIZATION 

1  DIRECTOR 

ATTN  P  DUTTA 

USA  COLD  REGIONS  RSRCH  &  ENG  LAB 
72  LYME  RD 
HANOVER  NH  03755 

1  DIRECTOR 

ATTN  AMSRL  WT  L 
D  WOODBURY 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1145 

2  DIRECTOR 
ATTN  AMSRL  MD 
P  WHITE 

J  MCLAUGHLIN 
USARL 

WATERTOWN  MA  02172-0001 

3  COMMANDER 
ATTN  AMSMI  RD 
W  MCCORKLE 
AMSMI  RD  ST 

P DOYLE 
AMSMI  RD  ST  CN 
T  VANDIVER 

US  ARMY  MISSILE  COMMAND 
REDSTONE  ARSNL  AL  35898 

1  COMMANDER 

AMSMI  RD  ST 
P DOYLE 

US  ARMY  MISSILE  COMMAND 
REDSTONE  ARSNL  AL  35898 

1  COMMANDER 
AMSMI  RD  ST  CN 
T  VANDIVER 

US  ARMY  MISSILE  COMMAND 
REDSTONE  ARSNL  AL  35898 

2  DIRECTOR 

ATTN  ANDREW  CROWSON 
J CHANDRA 

USA  RSRCH  OFC  MATH  &  COMP  SCI  DIV 
PO  BOX  12211 

RSRCH  TRI PK  NC  27709-2211 

2  DIRECTOR 

ATTN  G  ANDERSON 
R  SINGLETON 

USA  RSRCH  OFC  ENG  SCI  DTV 
POBOX  12211 

RSRCH  TRI  PK  NC  27709-221 1 
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NO.  OF 
COPIES 

2 

2 


3 


2 


1 

2 


1 

4 


ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


PROJECT  MANAGER 
ATTN  SADARM 

PICATINNY  ARSNL  NJ  07806-5000 

PROJECT  MANAGER 
ATTN  SFAE  AR  TMA 
COL  BREGARD 
CKIMKER 

TANK  MAIN  ARMAMENT  SYSTEMS 
PICATINNY  ARSNL  NJ  07806-5000 


2  DIRECTOR 

ATTN  AMSRL  VS 
WELBER 
FBARLETT  JR 

NASA  LANGLEY  RSRCH  CTR  MS  266 
HAMPTON  VA  23681-0001 

2  DIRECTOR 

ATTN  DAHLGREN  DIV  CODE  G33 
DAHLGREN  VA  22448 


PROJECT  MANAGER 
ATTN  SFAE  AR  TMA  MD 
H  YUEN 
J  MCGREEN 
R  KOWALSKI 

TANK  MAIN  ARMAMENT  SYSTEMS 
PICATINNY  ARSNL  NJ  07806-5000 

PROJECT  MANAGER 
ATTN  SFAE  AR  TMA  MS 
R  JOINSON 
D  GUZIEWICZ 

TANK  MAIN  ARMAMENT  SYSTEMS 
PICATINNY  ARSNL  NJ  07806-5000 

PROJECT  MANAGER 
ATTN  SFAE  AR  TMA  MP 
WLANG 

TANK  MAIN  ARMAMENT  SYSTEMS 
PICATINNY  ARSNL  NJ  07806-5000 

DIRECTOR 

ATTN  SFAE  AR  PM 

D  ADAMS 

T  MCWILLIAMS 

PEO  ARMAMENTS 

PICATINNY  ARSNL  NJ  07806-5000 


1  DIRECTOR 

ATTN  YAPA  RAJAPAKSE 
OFC  OF  NAVAL  RSRCH 
MECH  DIV  CODE  1132SM 
ARLINGTON  VA  22217 

1  DIRECTOR 

ATTN  J  CORRADO  CODE  1702 
DAVID  TAYLOR  RSRCH  CTR 
SHIP  STRUCTURES  &  PROTECTION  DEPT 
BETHESDA  MD  20084 

2  DIRECTOR 

ATTN  R  ROCKWELL 
W  PHYILLAIER 
DAVID  TAYLOR  RSRCH  CTR 
BETHESDA  MD  20054-5000 

4  DIRECTOR 

ATTN  R  CHRISTENSEN 
S  DETERESA 
F  MAGNESS 
M  FINGER 

LAWRENCE  LIVERMORE  NATmAL  LABC«ATC»IY 
PO  BOX  808 
LIVERMORE  CA  94550 


DIRECTOR 
ATTN  SFAE  FAS  PM 
H  GOLDMAN 

PEO  FIELD  ARTILLERY  SYSTEMS 
PICATINNY  ARSNL  NJ  07806 


DIRECTOR 
ATTN  M  SMITH 

PACBFIC  NORTHWEST  LABORATORY 
PO  BOX  999 
RICHLAND  WA  99352 


PROJECT  MANAGER 
ATTN  LTC  D  ELLIS 
G  DELCOCO 
J  SHIELDS 
BMACHAK 
AFAS 

PICATINNY  ARSNL  NJ  07806-5000 


1  DIRECTOR 

ATTN  TECH  LIBRARY 
AAI  CORPORATION 
PO  BOX  126 

HUNT  VALLEY  MD  21030-0126 
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NO.  OF 
COPffiS 

3 


1 

1 

1 

2 


1 

1 


ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


DIRECTOR 
ATTN  C  CANDLAND 
J  BODE 
K  WARD 

ALLIANT  TECHSYSTEMS  INC 
5901  LINCOLN  DR 
MINNEAPOLIS  MN  55346-1674 

DIRECTOR 

ATTN  TIM  HOLMQUIST 
ALLIANT  TECHSYSTEMS  INC 
600  SECOND  ST 
HOPKINS  MN  55343 

DIRECTOR 

ATTN  M  TOWNSEND 

CHAMBERLAIN  MFG  CORP  R&D  DTV 

550  ESTHER  ST 

WATERLOO  lA  50704 

DIRECTOR 

ATTN  A  ALEXANDER 
CUSTOM  ANALYTICAL  ENG  SYS  INC 
STAR  ROUTE  BOX  4A 
FLINTSTONE  MD  21530 

DIRECTOR 
ATTN  E  STEINER 
B  STEWART 

OLIN  CORP  FLINCHBAUGH  DIV 

PO  BOX  127 

RED  LION  PA  17356 

DIRECTOR 
ATTN  L  WHITMORE 
OLIN  CORPORATION 
10101  9TH  ST  N 
ST  PETERSBURG  FL  33702 

DIRECTOR 
ATTN  DR  R  ROHR 

DEF  NUC  AGY  INNOVATIVE  CONCEPTS  DIV 
6801  TELEGRAPH  RD 
ALEXANDRIA  VA  22310-3398 

DIRECTOR 

ATTN  DR  FRANK  SHOUP 
EXPEDITIONARY  WARFARE  DIVISION  N85 
2000  NAVY  PENTAGON 
WASHINGTON  DC  20350-2000 


1  DIRECTOR 

ATTN  MR  DAVID  SIEGEL  351 
OFFICE  OF  NAVAL  RSRCH 
800  N  QUINCY  ST 
ARLINGTON  VA  22217-5660 

1  DIRECTOR 

ATTN  CODE  G30  JOSEPH  H  FRANCIS 
NAVAL  SURFACE  WARFARE  CENTER 
DAHLGREN  VA  22448 

1  DIRECTOR 

ATTN  CODE  G33  JOHN  FRAYSSE 
NAVAL  SURFACE  WARFARE  CENTER 
DAHLGREN  VA  22448 

1  DIRECTOR 

ATTN  DR  ANTHONY  J  VIZZINI 
DEPT  OF  AEROSPACE  ENG 
UNIVERSITY  OF  MD 
COLLEGE  PK  MD  20742 

1  DIRECTOR 

ATTN  LTC  JYUJI D  HEWITT 

DEF  NUC  AGY  INNOVATIVE  CONCEPTS  DIV 

6801  TELEGRAPH  RD 

ALEXANDRIA  VA  22448 

1  DIRECTOR 

ATTN  ALLEN  BOUTZ 
NOESIS  INC 

1500  WILSON  BLVD  STE  1224 
ARLINGTON  VA  22209 

1  COMMANDER 

ATTN  DAVID  LIESE 
NAVAL  SEA  SYSTEMS  COMMAND 
2531  JEFFERSON  DAVIS  HWY 
ARLINGTON  VA  22242-5160 

1  DIRECTOR 

ATTN  MARY  E  LACY  CODE  D4 
NAVAL  SURFACE  WARFARE 
17320  DAHLGREN  RD 
DAHLGREN  VA  22448 
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NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


7  DIRECTOR 

ATTN  H  BERNSTEIN  PRESIDENT 

CMAGNELL 

K  ALMOND 

R  BELLE 

M  WILLETT 

EDELO 

B  MATTES 

CIVIL  ENG  RSRCH  FOUNDATION 
1015  15TH  ST  NW  STE  600 
WASHINGTON  DC  20005 

1  DIRECTOR 

ATTN  GREGORY  MCKENNA 
NATL  INST  OF  STD  &  TECH 
STRUCTURE  &  MECHANICS  GRP 
POLYMER  DIV  POLYMERS  RM  A209 
GAITHERSBURG  MD  20899 

1  DIRECTOR 

ATTN  S  BORLESKI  DEVELOPMENT  MGR 
DUPONT  CO  COMPOSITES  ARAMID  FIBERS 
CHESTNUT  RUN  PLAZA  PO  BOX  80702 
WILMINGTON  DE  19880-0702 


ABERDEEN  PROVING  GROUND 


23  DIR,  USARL 

ATTN:  AMSRL-WT-P, 

A.  HORST  (390A) 
AMSRL-WT-PB, 

E.  SCHMIDT  (390) 

P.  PLOSTINS  (390) 
AMSRL-WT-PD, 

B.  BURNS  (390) 

W.  DRYSDALE  (390) 

J.  BENDER  (390) 

T.  BOGETTI  (390) 

D.  HOPKINS  (390) 

C.  HOPPEL  (390) 

R.  KASTE  (390) 

R.  KIRKENDALL  (390) 
T.  TZENG  (390) 

S.  WILKERSON  (390) 
AMSRL-WT-PD(ALC), 

A.  FRYDMAN 
AMSRL-WT-T, 

W.  MORRISON  (309) 
AMSRL-WT-TA, 

W.  GILLICH  (390) 

W.  BRUCHEY  (390) 
AMSRL-WT-TC, 

R.  COATES  (309) 

W.  DEROSSET  (309) 
AMSRL-WT-W, 

C.  MURPHY  (120) 
AMSRL-WT-WA, 

B.  MOORE  (120) 
AMSRL-WT-WC, 

T.  HAUG  (120) 
AMSRL-WT-WE, 

J.  TEMPERLEY  (120) 
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ORGANIZATION 


NO.  OF 

COPIES 


1  COMMANDER  DARPA 

ATTN  J  KELLY 

B  WILCOX 

3701  NORTH  FAIRFAX  DRIVE 
ARLINGTON  VA  22203-1714 

1  NAVAL  RESEARCH  LABORATORY 

CODE  6383 
ATTN  IWOLOCK 
WASHINGTON  DC  20375-5000 

1  NAVAL  ORDNANCE  STATION 

ADVANCED  SYSTEMS  TECHNOLOGY  BR 
ATTN  D  HOLMES 
CODE  2011 

LOUISVILLE  KY  40214-5245 

1  DAVID  TAYLOR  RESEARCH  CENTER 

SHIP  STRUCTURES  &  PROTECTION  DEPT 
ATTNJCORRADO  CODE  1702 
BETHESDA  MD  20084 

2  DAVID  TAYLOR  RESEARCH  CENTER 

ATTN  R  ROCKWELL 

W  PHYILLAIER 
BETHESDA  MD  20054-5000 

1  OAK  RIDGE  NATIONAL  LABORATORY 

ATTN  R  M  DAVIS 
P  O  BOX  2008 

OAK  RIDGE  TN  37831-6195 

6  DIRECTOR 

SANDIA  NATIONAL  LABORATORIES 
APPLIED  MECHANICS  DEPT  DIV-8241 
ATTN  C  ROBINSON 
G  BENEDETTI 
W  KAWAHARA 
K  PERANO 
D  DAWSON 
P  NIELAN 
POBOX  969 

LIVERMORE  CA  94550-0096 

1  DREXEL  UNIVERSITY 
ATTN  ALBERT  S  D  WANG 
32ND  AND  CHESTNUT  STREETS 
PHILADELPHIA  PA  19104 

2  NORTH  CAROLINA  STATE  UNIVERSITY 
CIVIL  ENGINEERING  DEPT 

ATTN  WRASDORF 

L  SPAINHOUR 
POBOX  7908 
RALEIGH  NC  27696-7908 

1  PENNSYLVANIA  STATE  UNIVERSITY 

ATTN  DAVID  W  JENSEN 
223-N  HAMMOND 
UNIVERSITY  PARK  PA  16802 


NO.  OF 

COPIES  ORGANIZATION 


1  PENNSYLVANIA  STATE  UNIVERSITY 

ATTN  RICHARD  MCNITT 
227  HAMMOND  BLDG 
UNIVERSITY  PARK  PA  16802 

1  PENNSYLVANIA  STATE  UNIVERSITY 

ATTN  RENATAS  ENGEL 
245  HAMMOND  BLDG 
UNIVERSITY  PARK  PA  16802 

1  PURDUE  UNIVERSITY 

SCHOOL  OF  AERO  &  ASTRO 
ATTN  C  T  SUN 

W  LAFAYETTE  IN  47907-1282 

1  STANFORD  UNIVERSITY 

DEPT  OF  AERONAUTICS  AND 
AEROBALLISTICS 
DURANT  BLDG 
ATTN  STSAI 
STANFORD  CA  94305 

1  UCLA 

MANE  DEPT  ENGINEERING  IV 
ATTN  H  THOMAS  HAHN 
LOS  ANGELES  CA  90024-1597 

2  UNIV  OF  DAYTON  RESEARCH  INST 
ATTN  RAN  Y  KIM 

AJIT  K  ROY 

300  COLLEGE  PARK  AVENUE 
DAYTON  OH  45469-0168 

1  UNIVERSITY  OF  DAYTON 
ATTN  JAMES  M  WHITNEY 
300  COLLEGE  PARK  AVENUE 
DAYTON  OH  45469-0240 

2  UNIVERSITY  OF  DELAWARE 
CENTER  FOR  COMPOSITE 

MATERIALS 
ATTN  J  GILLESPIE 
M  SANTARE 

201  SPENCER  LABORATORY 
NEWARK  DE  19716 

1  UNIVERSITY  OF  ILLINOIS  AT 

URBANA-CHAMPAIGN 
NATIONAL  CENTER  FOR  COMPO¬ 
SITE  MATERIALS  RESEARCH 
216  TALBOT  LABORATORY 
ATTN  J  ECONOMY 
104  SOUTH  WRIGHT  STREET 
URBANA  IL  61801 

1  UNIVERSITY  OF  KENTUCKY 

ATTN  LYNN  PENN 
763  ANDERSON  HALL 
LEXINGTON  KY  40506-0046 
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NO.  OF 

£.Q£IE.S.  ORGANIZATION 


1  THE  UNIV  OF  TEXAS  AT  AUSTIN 
CENTER  FOR  ELECTROMECHANICS 
ATTN  J  PRICE 

10100  BURNET  ROAD 
AUXTIN  TX  78758-4497 

UNIVERSITY  OF  UTAH 
DEPT  OF  MECHANICAL  AND 
INDUSTRIAL  ENGINEERING 
ATTN  S  SWANSON 
SALT  LAKE  CITY  UT  84112 

2  VIRGINIA  POLYTECHNIC  INSTI¬ 

TUTE  &  STATE  UNIVERSITY 
DEPT  OF  ESM 
ATTN  MICHAEL  WHYER 

KENNETH  L  REIFSNIDER 
BLACKSBURG  VA  24061-0219 

2  ADVANCED  COMPOSITE 

MATERIALS  CORP 
ATTN  PHOOD 

J  RHODES 

1525  S  BUNCOMBE  ROAD 
GREER  SC  29651-9208 

1  AMOCO  PERFORMANCE  PRODUCTS 

ATTN  M  MICHNO  JR 
4500  MCGINNIS  FERRY  ROAD 
ALPHARETTA  GA  30202-3944 

1  APPLIED  COMPOSITES 

ATTN  WGRISCH 
333  NORTH  SIXTH  STREET 
ST  CHARLES  IL  60174 

1  BRUNSWICK  DEFENSE 

ATTN  T  HARRIS 
SUITE  410 

1745  JEFFERSON  DAVIS  HWY 
ARLINGTON  VA  22202 

3  HERCULES  INCORPORATED 
ATTN  RBOE 

F  POLICELLI 
J  POESCH 
POBOX  98 
MAGNA  UT  84044 

3  HERCULES  INCORPORATED 

ATTN  GKUEBELER 

J  VERMEYCHUK 
B  MANDERVILLE  JR 
HERCULES  PLAZA 
WILMINGTON  DE  19894 

1  HEXCEL 

ATTN  MSHELENDICH 
11555  DUBLIN  BLVD 
POBOX  2312 
DUBLIN  CA  94568-0705 


NO.  OF 

CQflES  ORGANIZATION 


1  lAP  RESEARCH  INC 

ATTN  ACHALLITA 
2763  CULVER  AVENUE 
DAYTON  OH  45429 

3  INSTITUTE  FOR  ADVANCED 

TECHNOLOGY 
ATTN  TKIEHNE 
HFAIR 
P  SULLIVAN 
40302  W  BRAKER  LANE 
AUSTIN  TX  78759 

1  INTEGRATED  COMPO  SITE 

TECHNOLOGIES 
ATTN  HPERKINSONJR 
POBOX  397 

YORK  NEW  SALEM  PA  17371-0397 

1  INTERFEROMETRICS  INC 
ATTN  R  LARRIVA  -  VP 
8150  LEESBURG  PIKE 
VIENNA  VA  22100 

2  KAMAN  SCIENCES  CORPORATION 
ATTN  D  ELDER 

T  HAYDEN 
POBOX  7463 

COLORADO  SPRINGS  CO  80933 

2  LORALA^OUGHT  SYSTEMS 

ATTN  G  JACKSON 
K  COOK 

1701  WEST  MARSHALL  DRIVE 
GRAND  PRAIRIE  TX  75051 

2  MARTIN-MARIETTA  CORP 

ATTN  P  DEWAR 
L  SPONAR 

230  EAST  GODDARD  BLVD 
KING  OF  PRUSSIA  PA  19406 

1  RENSSELAER  POLYTECHNIC 

INSTITUTE 
ATTN  R  B  PIPES 
PITTSBURGH  BLDG 
TROY  NY  12180-3590 

1  US  MILITARY  ACADEMY 

DEPT  OF  CIVIL  AND  MECHANICAL 
ENGINEERING 
ATTN  ELENOE 
WEST  POINT  NY  10996-1792 

1  US  ARMY  CORPS  OF  ENGINEERS 

CONSTRUCTION  ENGINEERING 
RESEARCH  LABORATORIES 
ATTN  JTROVILLION 
POBOX  9005 

CHAMPAIGN  IL  61826-9005 
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